Abstract-A prototype tunable laser of 2 mm 1.5 mm size has been developed for wavelength-division-multiplexing (WDM) application. This device is an integrated micromachined polysilicon three-dimensional (3-D) mirror with a single-mode Fabry-Perot laser diode and an antireflection-coated optical fiber. The micromirror can be driven to move laterally by an electrostatic comb-drive that changes the external cavity length of laser diode enabling wavelength tuning. A wavelength-tunable range of 16 nm is obtained using a driving voltage within 3 V at a bias voltage of 10 V.
T HE RAPID growth of the World Wide Web and other Internet-based services demands tremendous network bandwidth. Wavelength-division multiplexing (WDM) and the newly evolved dense WDM (DWDM) have been developed to meet existing and future bandwidth needs. At the same time, the quick development of microelectromechanical systems (MEMS) technology makes it feasible to monolithically integrate various optical components to generate highly functional optical devices in chip level [1] . The miniaturized tunable laser source is an example of the successful combination of the MEMS and optical communication technologies. The reconfigurability of the WDM systems can greatly be improved by the use of laser as the tunable light source. For example, different channels can be assigned to a node by simply tuning the wavelength [2] . Also, simple and high-performance all-optical networks can be built using passive optical routers to route the signal [3] . Similarly, tunable lasers can be used to form the virtual networks based on the wavelength routing [4] .
It is well known that the wavelength of Fabry-Perot (FP) laser diode can be tuned by external feedback. The macroscale tunable laser diode has been extensively studied in literature [5] [6] [7] [8] , while the microscale embodiments have also attracted the research interests in recent years. Uenishi et al. [9] demonstrated a microfabricated tunable laser diode of 5 mm 5 mm size, and obtained 20 nm wavelength tuning. The micromirror for this laser diode and its actuator were fabricated using Nickel plating and was incompatible with IC process. Although the use of surface-micromachined polysilicon mirror to form the ex- ternal cavity for laser diode was reported by Kiang et al. [10] , the tunable characteristics of laser diode were not discussed. In this letter, an integrated tunable laser device of 2 mm 1.5 mm size is fabricated and studied for potential applications in WDM systems. This device use a polysilicon three-dimensional (3-D) micromirror integrated with a FP laser diode and a self-contained optical fiber. This may be the first demonstration of a miniaturized tunable laser in device level that uses micromachined polysilicon 3-D mirror. Compared with its macroscale counterparts and Uenishi's model, this device has the advantages of compactness, low driving voltage, and better compatibility with IC processes. This letter investigates the working principle and the experimental results of this proposed novel integrated tunable laser diode, followed by a brief discussion on the limitations and solutions so as to apply to WDM systems.
The schematic arrangement of the FP laser diode with an external cavity mirror is shown in Fig. 1 . Two end facets of laser diode form the internal resonant cavity, and a reflective mirror forms the external cavity of length . The lightwave reflected by the mirror varies the output wavelength. Based on [5] , the wavelength variation of FP laser diode is further derived as follows: (1) where is the initial central wavelength of laser diode, is the linewidth enhancement factor, and denotes the phase of external reflection given by . represents the external feedback strength influenced by the reflectivity of the two LD facets and the mirror, the lengths of the internal resonant cavity and the external cavity, and the linewidth enhancement factor. In addition, determines whether the laser diode works in single mode ( ) or multimode ( ). Only the case of is considered in this letter. Equation (1) implies that the wavelength can be tuned by changing the external cavity length . Based on this analysis, a tunable laser system is designed using a movable 3-D micromirror, as shown in Fig. 1 cavity. It is assembled to keep in the vertical position by the microfabricated position holders (not shown in Fig. 1 ) on a laterally movable stage that can be driven by an electrostatic combdrive. The suspension beams are used to keep the movable stage above the substrate to avoid stiction and to eliminate wobbling during lateral movement. The optical fiber is aligned very near to the other exit window of the laser diode with the intention of directly collecting the output laser beam without the need for optical lenses. To maximize the transmittance and to prevent unnecessary feedback into the laser diode, the end surface of the optical fiber is antireflection coated. While changing the voltage applied to the comb-drive, the displacement of the 3-D micromirror changes the external cavity length, and eventually tuning the wavelength of laser diode. The relationship between the displacement of comb-drive and the driving voltage is given by [11] (2) where represents the permittivity of air, represents the number of moving fingers, is the thickness of the moving fingers, is the gap between the moving finger and the adjacent fixed fingers, and is the stiffness of the suspension beams. Fig. 2 shows the scanning electron micrograph (SEM) of the tunable laser device. The movable 3-D micromirror and the comb-drive are fabricated simultaneously using the three-layer-polysilicon micromachining processes, and are released by wet etching. All the structures are initially fabricated in plane due to the surface micromachining processes. However, the micromirror is manually lifted up to the vertical position on the movable stage after release and then held by the position holders. The mirror is connected to the movable stage by four micro hinges that allow 180 free rotation. The laser diode and the optical fiber are then carefully aligned to the micromirror, and are adhered to the substrate. In this way, the tunable laser device is successfully assembled having dimension 2 mm 1.5 mm. The laser diode is 250 m 250 m 100 m and works at 1.536 m, while the optical fiber is single-mode fiber with antireflection films coated in its end surface. The movable 3-D micromirror formed by a 1.5-m-thick polysilicon layer has the size of 300 m 300 m, and is coated with a 0.5-m-thick gold layer to improve its reflectivity to 90%. The difference in residual stresses between the polysilicon layer and the gold layer make the 3-D mirror slightly deform to be a concave reflector, which is helpful for coupling the reflected laser into the laser diode. The gap between the 3-D micromirror and the laser diode is initially 10 m, and that between the laser diode and the optical fiber is 15 m.
The comb-drive is first calibrated for its actuation characteristics. Its SEM micrograph and actuation characteristic are shown in Fig. 3(a) and (b) , respectively. There are 60 pairs of fingers of 30 m long, 3 m wide, and 2 m thick. The gap between the fingers is 2 m. The fixed fingers and the moving fingers have 10-m overlap in order the comb-drive to work in its linear range. It can be inferred from Fig. 3(b) that the displacement of comb-drive increases with the driving voltage, as given by (2) . However, no obvious movement of the comb-drive is observed when the driving voltage is small ( 5 V). This may presumably be due to stiction, which often occurs in the structures released by wet etching. This implies that a bias voltage larger than 5 V should be applied before adding the driving voltage to offset the comb-drive to its linear range.
The experimental setup for measuring the wavelength variation of tunable laser is shown in Fig. 4 . Power supply is used to add the static driving voltage to the comb-drive, and the optical spectrum analyzer is employed to measure the wavelength of the laser beam emitted from the fabricated tunable laser. To overcome the stiction, a bias voltage of 10 V is applied before adding the driving voltage. The threshold current of the FP laser diode is 7.4 mA, and the laser diode is operated at 11 mA and emits at 1535.98-nm wavelength with 16.6-nW output power. Its full-width at half-maximum (FWHM) is 0.1 nm, and the sidemode suppression ratio is 60 dB.
The spectral change of the tunable laser is illustrated in Fig. 5 . With 10 V bias voltage and 0 driving voltage, the wavelength is 1537.21 nm, which is different from the initial value due to the external cavity formed by the 3-D mirror. The 10-V bias voltage moves the 3-D mirror toward the laser diode by 0.55 m. The wavelength change that covers the whole tunable range is shown in Fig. 6 . A wavelength-tunable range of 16 nm is obtained using a bias voltage of 10 V and a driving voltage within 3 V. The tunable range and the semi-cosine trend of the observed data does not differ much from the theoretical predictions as given by (1) . However, there exists mode-hoping phenomenon. It is observed that the wavelength does not change smoothly all over the tunable range. In every mode the wavelength can continuously change only about 0.3 nm, and then it jumps to the next mode. This phenomenon contributes to most part of the wavelength tunable range, which is useful for WDM systems and makes it easy to tune the wavelength to jump by discrete steps from one channel to the other. The mode hoping acts as coarse tune, while the smooth wavelength change acts as fine tune.
The 16-nm tunable range generated by the tunable laser described above is large enough to cover the channels of a typical WDM system (16 channels spacing by 100 GHz or eight channels spacing by 200 GHz). Though the tunable range can be larger theoretically, its linewidth ( 0.1 nm) is quite large for WDM application, requiring the linewidth narrowing techniques. Furthermore, the laser diode to optical fiber coupling efficiency is too small, which can be improved either by the use of GRIN lens at the optical fiber end or by using coupling micro-lenses and or by efficiently aligning the fiber core to be very close to the emitting spot in the laser diode facet.
In conclusion, a monolithically integrated tunable laser device, which is composed of a movable 3-D micromirror, a FP laser diode, and an optical fiber, has been demonstrated. The 3-D micromirror and the comb-drive are fabricated using polysilicon surface micromachining processes, and are then assembled and integrated with the laser diode and the optical fiber. The lateral movement of the 3-D mirror is by the electrostatic comb-drive that changes the external cavity length, leading to the wavelength tuning of laser diode. It is shown experimentally that a wavelength tunable range of 16 nm is achievable using a bias voltage of 10 V and a driving voltage less than 3 V and is followed by the discussion on the difficulties and their solutions to apply this device to WDM systems.
